We use rigorous scattering matrix simulations to develop a pathway for synthesizing nanopatterns on polymer surfaces. We consider a system in which the polymer surfaces are initially coated with periodic microspheres in a close packed lattice. When such a lattice is irradiated with a laser of desired wavelength and power, the electric field intensity beneath the spheres is enhanced by more than an order of magnitude, generating localized heating that can remove nanometersize volume of the material in a periodic array of nanocavities. The array of glass spheres can be self-assembled on any curved surface, and these spheres can be utilized as an optical lens to focus light energy within the surface. Our simulations show that the depth and size of the nano-cavities depends critically on the size of microspheres.
INTRODUCTION
Nanopatterned polymers play an important role in various optoelectronic devices such as solar cells, light emitting diodes, metal-coated plasmonic structures, and in biological applications such as microfluidics, tissue culture, cell growth [1, 2] . It is of great interest to develop pathways for controlled synthesis of such nanopatterned polymers. We examine a very attractive approach to nanopatterning that utilizes a self-assembled array of spheres on any flat or curved surface, and to use these spheres as an optical lens to focus light energy within the surface. It is well established that glass/silica spheres in solution can self-assemble on surfaces, in close packed arrays. The array of glass spheres can also self-assemble on any curved or flat surface. We use rigorous scattering matrix simulations to demonstrate a pathway to develop nanopatterns on polymer surfaces coated with glass nano/micro spheres. When the polymer surfaces coated with periodic microspheres in a close packed lattice are irradiated with a laser of desired wavelength and power, the electric field intensity beneath the spheres is enhanced by an order of magnitude, generating enough heat to ablate nanometersize regions of the material, in a periodic array. These spheres can be utilized as an optical lens to focus light energy within the surface providing a fascinating platform for studying photon-matter interactions at high optical intensities. This microsphere-based laser texturing approach has recently been utilized for patterning large-area glass substrates [3, 4, 5] , semiconducting materials [6] , and magnetic metals [7] .
In this paper, we investigate a prototypical organic biodegradable polymer poly (L-lactic acid) (PLLA) having refractive index (n) of ~1.5 in the visible regime. We choose PLLA since it is a biodegradable polymer with potential for applications in coronary stents [8] and scaffolding for tissue culture [9] . There is high light transmission exceeding ~90% over much of the optical spectrum (λ > 400nm) through a 150 µm thick PLLA substrate. We have examined different sizes of microspheres with diameters ranging from 100 nm to 1.3 µm, typical of those available commercially. The simulated electric field intensity within the PLLA substrate for 1.3 µm spheres shows that light can be focused into small regions 150-300 nm below the surface where the light intensity is dramatically enhanced by a factor >12. This suggests that high intensity pulsed lasers may be able to ablate cylindrically shaped pits in the surface of the polymer to a depth of 100 nm -needed for the patterning application. Altering the pitch of the microspheres can lead to columnar shaped regions deeper in the structure. We envisage the results to be similar for any polymer such as polystyrene with a similar index of refraction. 
SIMULATION METHODOLOGY
We use the rigorous scattering matrix (SM) method [10, 11] where Maxwell's equations are solved in Fourier space, i.e. in a basis of plane waves for both polarizations. We divide the array of micro/nano spheres on the polymer surface into slices in the z-direction wherein the dielectric function depends periodically on x and y. We utilized 19 z-slices for representing the microsphere. We obtain the SM for the entire structure by integrating the Maxwell's equations with continuity boundary conditions. The SM yields the total reflectance R(λ) (including diffraction), transmittance T(λ) and absorbance A(λ) (=1-R-T) at each wavelength. Fully three dimensional geometries can be simulated for both polarizations of the electromagnetic wave. This allows very rapid parallelized simulations of multiple geometries, from which the most optimum cases can be identified. A major advantage over real space methods is that realistic thick substrates such as 150 µm thick PLLA can be easily simulated without memory constraints, which is a severe problem in three dimensional simulations in real space.
RESULTS AND DISCUSSION

Optical Properties:
We first describe results for close packed touching arrays of glass micro/nano sphere, on a PLLA substrate as shown in Figure 1 . We have utilized standard wavelength dependent dielectric functions for glass described by Sellmeier's expression [12] :
where the coefficients B i and C i are taken from [13] for SCHOTT BK7 glass. The measured dielectric function for PLLA is utilized [14] . The reflection and transmission is simulated for different sphere diameters (d = 100 nm, 500 nm, 1 μm, 1.3 μm) of touching self-assembled micro/nano spheres as shown in Figure 2 . The principal feature is a high total transmission (T tot ) through the 150 μm thick PLLA substrate which exceeds 90% over much of the optical spectrum above 400 nm ( Figure 2 ). We have examined sizes of self-assembled spheres ranging from diameters of 100 nm (Figure 2a ), 500 nm (Figure 2b ) and the larger 1 μm (Figure 2c ) as well as 1.3 μm (Fig. 2d) spheres. Notable in all these simulations is a departure of the specular transmission from the total transmission at wavelengths below the period (a), which is also the diameter of the sphere, below which diffraction takes place and decreases the specular transmission (for λ < a). There is a dip in the total transmission and corresponding increase in the reflectance at a wavelength of λ ~ (√3/2)a. This is the well-known Wood's anomaly where the first diffracted order emerges parallel to the surface of the crystal surface. The transmission dip at very short wavelength (<250 nm) is due to the dispersion and absorption in the glass.
Electric Field Intensity:
Since the transmission was relatively flat over much of the optical spectrum we simulated the electric field intensity within the PLLA substrate ( Figure 3 ) to characterize the best parameters for focusing light on the surface and burning periodic features with high intensity lasers. The laser wavelength of λ = 515 nm (green) is utilized in all the electric field intensity simulations. It is convenient to work with larger diameter glass microspheres. For 1.3 μm diameter spheres, we find the spheres can focus light into small regions 150-300 nm below the surface where the light intensity is dramatically enhanced by a factor exceeding 12 ( Figure 3a) . The intensity profile has a cylindrical shape within the PLLA surface to a depth of 100 nm where the intensity is enhanced by a factor of 6. This suggests that high intensity pulsed lasers may be able to ablate cylindrically shaped pits in the surface of the PLLA to a depth of 100 nm -as needed for the patterning application.
As the sphere diameter is decreased to 500 nm the focusing spots below the surface become less intense with intensity enhancements of just a factor of ~1.5 located ~300 nm below the surface (Figure 3b ). There are planar arrays of higher order enhanced intensity focusing spots in the z-direction with a spacing of ~350 nm (λ/n) with increasing depth, where n is refractive index of PLLA. The intensity enhancement decreases at increasing depth. For even smaller diameter spheres (100 nm) virtually no enhancement is seen with a standing wave pattern and nano-sized spots within the first 100 nm of the surface (Figure 3c ). These results can be understood since the larger spheres increase the diffracted light, and thereby generate intense focusing. When the wavelength is much larger than the sphere size, as is the case for the smaller spheres (e.g. 100 nm diameter), the light beam sees a relative uniform effective medium and most of the beam passes through the PLLA without focusing.
We can also utilize the similar approach with commonly available metallic nanoparticles in arrays on polymer surfaces. Such arrays are expected to have light transmission through apertures between the spheres, and show focusing effects similar to those found here. The effective light transmission is likely to be lower and of concern, especially when the nanoparticles are touching each other. We expect the optimum sphere diameter range to scale with the wavelength of illumination. Although we have presented optical simulations in this paper, a comprehensive theory of photon-matter interactions must include nanoscale thermal transport, incorporating the heat capacity and thermal conductivity of the substrate, to assess the spatial variation of the temperature in the local regions. Ablation of nanoscale regions of material requires a pathway for material to escape to the surface through the narrow cylindrical regions of high temperatures, requiring a multi-physics model of thermal transport and mass transport, coupled to the optical model.
CONCLUSION
We demonstrate a method of patterning soft polymers using self-assembled glass micro/nano spheres of different diameters ranging from 100 nm-1.3 μm. When the polymer surface with self-assembled layer of glass spheres is irradiated with laser beam of desired wavelength, it enhances the electric field intensity beneath the surface. Based on our scattering matrix simulation results, the larger diameter microspheres (>1 μm) which exceed the wavelength, are most effective for patterning applications. Such large diameter microspheres exhibit strong diffraction leading to large controllable focusing spots below the surface. The enormous enhancement in electric field intensity by an order of magnitude is sufficient to ablate the polymer material directly below the spheres. This pattering scheme would have applications for machining and patterning curved polymer surfaces.
